The chemistry of cyanide complexes of the f-elements has witnessed significant recent advances, showing in particular the remarkable ability of the cyanide ligand to stabilize uranium compounds in their +3 to +6 oxidation states and its capacity to adopt two distinct 
Introduction
Since the first synthesis of f-element cyanide complexes in the early seventies Synergetic studies at both experimental and theoretical levels were carried out investigating the fundamental chemical differences between the 4f elements, lanthanides (Ln), and the 5f elements, actinides (An), in this field [8] [9] [10] . In particular, the coordination competition between cyanide (CN . Based on X-ray data and computational DFT analysis, the preference in M−CN/NC ligation modes has been rationalized by considering the electronic structures and the ligand-to-metal binding energies. Specifically, it has been found that the stronger σ-donating ability of the cyanide ligand toward uranium and not cerium is related to the better energy matching between 6d/5f uranium metal and ligand orbitals [11] . The same observation has been made in the case of U(III) and U(IV) bis(silylamide) mono and bis(cyanide) complexes [UN* 3 X] q-and [UN* 3 X 2 ] q-(q = 2, 1; X = CN, NC), the covalency contribution to the bonding being also at work (orbital mixing) [10b] .
Although the cyanide M−CN ligation mode is ubiquitous for various uranium complexes in different oxidation states (III-VI) [12] , the preference for cyanide or isocyanide coordination could remain controversial for some systems. Indeed, as noted by previous theoretical studies [8, 9] , controversy still exists about the preference for the C or N coordination in the case of uranyl ion derivatives, where the cyanide complexes might be more stable than their isocyanide congeners, noting that the energy difference is only 3.3 kcal.mol -1 [9c].
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In the present study, we have investigated using relativistic density functional theory (DFT), the electronic structures of several analogous tris(cyanide) complexes of cerium (III) and uranium(III) 
Results and discussion
"The determining factor (vide infra) leading to the M-CN or M-NC coordination mode is the binding energy between the metal fragment and the CN or NC ligand [10a,b]. As shown below, these binding energies differences between isomers range from ca. 4 to 14 kcal/mol, except for the [UN* 2 X 3 ] 2-case for which these binding energies differences are much smaller.
DFT molecular geometry optimization of the tris(cyanide) complexes
We consider the actual complexes of general formula [ML 2 X 3 ] 2-(M = Ce 3+ /U 3+ ; L = Cp*/N* and X = CN/NC) and their hypothetical isomers. All structures were fully optimized using the BP86 functional coupled to the polarized double-ζ Slater basis set (DZP) in the framework of the relativistic zeroth-order regular approximation (ZORA). The solvent (THF) was treated using the COSMO solvation model, implemented in the ADF program (see Computational details). As previously stated [13, 14] , ZORA/BP86/DZP computed geometries of f-elements complexes are generally in good agreement with X-ray crystal structures.
Computed bond lengths M-X, M-L (L = Cp* and N*) and C-N/N-C of the optimized structures ( Fig. 1 and 2 ) are reported in Table 1 
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5 complexes 4a and 4b in reference 10a) and their hypothetical isomers, are also given in Table   1 .
Fig. 1. ZORA/BP86/DZP optimized geometry of the bis(cyclopentadienyl) tris(cyanide)
[MCp* 2 X 3 ] 2-complexes (M = Ce 3+ , U 3+ ; X = CN) 1a (left) and 1b (right). The blue, black, and white spheres are nitrogen, carbon, and hydrogen atoms, respectively. (Table 1 ). This good agreement shows once again the reliability of the ZORA/BP86/DZP method in computing molecular f-complex geometries. Notably, the
shortening of the metal-ligand bond distances when going from U(III) to U(IV), in line with uranium ionic radii variation [15] , is well predicted by computation. 
, which is slightly amplified by solvation (0.070 vs. 0.057 Å), suggesting that the former,
i.e., the cyanide form, leads to a more covalent bonding than the isocyanide one. These features illustrate the distinct coordination modes of these two ligands towards the Ce (III) and U(III) ions, as experimentally observed.
The U-CN/NC bond length shortening relatively to Ce-CN/NC is also observed for the U-L (L = Cp* and N*) coordination. Moreover, no significant difference is computed for C-N/N-C distances when moving from Ce(III) to U(III) complexes, suggesting that no M→X π back-donation occurs, and that the M-X bond is essentially σ in character. The electronic structure analysis will shed light on these points. ; L = Cp*/N*; X = CN/NC) under consideration are given in Table 2 . Natural metal (q M ), carbon and nitrogen atomic net charges as well as the metallic spin population ρ M are reported. ρ M is computed to be the difference between the total α and β spin electronic populations. In the case of the bis(cyclopentadienyl) MCp* 2 (CN) 3 complexes, examination of the NPA results (Table 2) indicates a small difference between the metal natural charges (q M ) for the cyanide M−CN and isocyanide M−NC complexes (+1.53/+1.74) for Ce 3+ and (+0.73/+1.03 for U 3+ ) which are consistent with the slightly stronger σ-donation of the cyanide ligand to the U(III) ion, since M A N U S C R I P T A C C E P T E D Comparison of the charge distribution on the C−N coordination reveals a slightly but significantly lower C cyanide natural charge in U(III) than in Ce(III) species, especially for the bis(silylamide) MN 2 * complexes (e.g., −0.11 vs. −0.17), which sustains its stronger σ-donation for the actinide system (in vacuum). These trends seem to be amplified by solvation, since the negative net charge borne by the C cyanide in the U(III) system decreases significantly (−0.11 vs. −0.04), sustaining its stronger σ-donation towards the actinide ion. CN/NC and C-N/N-C bonds were computed and are reported in Table 3 . sustaining the stronger interaction between the 6d/5f U(III) orbitals and C-cyanide ones due to a better energy matching [11] . 
Electronic structures of the tris(cyanide) complexes

Molecular orbital (MO) analysis of the tris(cyanide) complexes
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Energy decomposition analysis
In order to get some additional information on the energy factors driving the preferred coordination of the cyanide or isocyanide ligands to the cerium or uranium atoms in the actual
; L = Cp* or N*; X = CN/NC) and their hypothetical isomers, an energy decomposition analysis was carried out (see Appendix A, computational details). The bonding energies of the ligands to the metal centers were calculated according to the following fragmentation scheme:
These total bonding energies (TBE frag ) computed at the spin unrestricted ZORA/BP86/DZP level (see Appendix) are given in Table 4 .
Table 4
Energy decomposition analysis at the ZORA/BP86/DZP level for the complexes [ML 2 X 3 ]
2-(M = Ce 3+ or U 3+ ; L = Cp* or N*; X = CN(left)/NC(right)) in the gas phase and in solution (in italics). As expected, considering the different energy terms (Table 4) , the steric term (E st ) is slightly more destabilizing for the U(III) than for the Ce(III) species, especially in the bis(silylamide) MN* 2 , due to the shorter metal−ligand distances in the former. Notably, in the bis(cyclopentadienyl) MCp* 2 series, the steric term, which is the sum of the Pauli repulsion (repulsion between electron pairs) and the stabilizing electrostatic interactions, reveals that the isocyanide binding mode for the two Ce(III) and U(III) ions is less sterically favored than the cyanide binding mode. This is due to a higher Pauli repulsion related to smaller M−N bond lengths than M−C ones.
More interestingly, the steric term in the bis(silylamide) MN* 2 species reveals that the isocyanide Ce−NC binding mode is slightly more sterically favored than the cyanide Ce−CN one (i.e., -11.52 vs. The orbital term E orb (stabilizing energy due to orbital mixing) is slightly larger in the M−NC case than in the M−CN one. However, the difference is small and is due to the competitive contribution of the covalent (orbital mixing) and the polarization factors, these latter being larger for the smaller M−NC bond distances [10] . Indeed, we must keep in mind that the orbital E orb part includes both a polarization term due to the rearrangement of the metal and ligand charge distribution with complexation, and covalency if their orbitals overlap [19] . Unfortunately, these two terms cannot be evaluated separately [19b] . Moreover, the polarization component is likely not the same for the C or N coordination modes, so that difference in E orb cannot be directly related to difference in covalency. Furthermore, as stated by others authors [9, 11] , the best energy matching between the d/f orbitals and the upper Ccyanide or the lower N-isocyanide σ-donating MO is likely to play a crucial role in this coordination preference.
In addition to the gas phase analysis we have also computed the complexation energies incorporating the effect of the solvent (THF) using the COSMO solvation approach (Table 4) .
Indeed, the main trends observed for isolated complexes are maintained in solution.
Interestingly, in the case of the uranium [UN* 2 X 3 ] 2-species, the U-CN coordination appears now to be favored relatively to the U-NC one, by 1.8 kcal/mol, in agreement with experimental data [10a]. This theoretical result is in line with the fact that the synthesis of this complex was made in solution. It is noteworthy that using the most extended basis set available in the ADF program for all atoms, i.e. the ZORA/TZ2P one, the coordination preference of the cyanide towards U(III) is confirmed for the bis(silylamide) complex. Indeed, the same trend is obtained, i.e. the cyano isomer is more stable than the isocyano one (by 1.2 kcal/mol at the TZ2P level vs. 1.8 kcal/mol at the DZP one) when the solvent effect is taken into account, the opposite being obtained in the gas phase.
Conclusion
The observed distinct coordination modes of cyanide and isocyanide ligands towards 
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